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Abstract
In this work we present a study of the low temperature magnetic phases of polycrystalline
MnCr2O4 spinel through dc magnetization and ferromagnetic resonance spectroscopy
(FMR). Through these experiments we determined the main characteristic temperatures: TC
~ 41 K and TH ~ 18 K corresponding, respectively, to the ferrimagnetic order and to the low
temperature helicoidal transitions.  The temperature evolution of the system is described by
a phenomenological approach that considers the different terms that contribute to the free
energy density. Below the Curie temperature the FMR spectra were modeled by a cubic
magnetocrystalline anisotropy to the second order, with K1 and K2 anisotropy constants that
define the easy magnetization axis along the <110> direction. At lower temperatures, the
formation of a helicoidal phase was considered by including uniaxial anisotropy axis along
the ]011[

propagation direction of the spiral arrange, with a Ku anisotropy constant. The
values obtained from the fittings at 5 K are K1= -2.3x104 erg/cm3, K2= 6.4x104 erg/cm3 and
Ku= 7.5x104 erg/cm3.
1. Introduction
The cubic spinels AB2O4, where the tetrahedral A-sites are occupied by non-magnetic ions
and the octahedral B-sites are occupied by Cr ions, are model systems to study magnetic
frustration [1, 2, 3]. In these compounds the main magnetic interaction is the strong JCrCr
antiferromagnetic direct exchange between the nearest neighbors ions [4, 5]. However, the
geometrical arrangement of these magnetic ions in a pyrochlore-like array prevents the
magnetic order till very low temperature, as compared to the Curie temperature, CW [2, 6,
7]. Several authors have proposed that trough the magnetoelastic coupling the strong
magnetic frustration could be released and the system could develop a magnetic transition
[8,9]; in fact the low temperature magnetic ordered state is usually accompanied by
structural distortions. [10, 11] Instead, when the tetrahedral A-site is occupied by a
magnetic ion, the magnetic frustration is partially relieved by the JACr superexchange
interaction. [12] In this case the system presents nearly degenerated ground states and it
develops complex low temperature magnetic order.
In particular in the MnCr2O4 the competing Cr-Cr, Cr-Mn and Mn-Mn exchange
interactions prevent the development of ferrimagnetic order till to TC~41 K, even
considering the important exchange energies observed (CW/TC>10) [4]. Neutron
diffraction studies reported that below TC the system presents long-range ferrimagnetic
order with an easy axis parallel to the <110> direction [13-15], when the temperature
decreases belowTH~18 K, this magnetic phase coexists with short-range spiral order. In the
spiral arrange two positions can be distinguished for the Cr, and the magnetic moments
describe a cone on each sublattice, with helicoidal propagation vector in the ]011[

direction.
The complex low temperature order, where the spin rotation axis does not coincide with the
helicoidal propagation vector, positioned this material as a good candidate to present
magnetodielectric coupling [16-18]. Recently, Mufti and collaborators [19, 20] have
reported that the dielectric and magnetic properties are coupled below TH in powder
MnCr2O4 oxide. In addition, recent FMR results on frustrated spinels [21] have related the
unusual FMR temperature dependence to phase separation. In this complex scenario the
ferromagnetic resonance (FMR) spectroscopy emerges as a suitable technique because it
provides microscopic information related to the exchange and magnetic anisotropy and
allows extending the knowledge of the nature of the long-range ferrimagnetic order and the
spiral short-range state. In this context we present a study of the low temperature magnetic
phases in a cubic chromium spinel with A=Mn by magnetic and FMR measurements. We
follow the temperature evolution of the parameters that characterize the FMR spectra in a
polycrystalline sample. We describe the evolution of the FMR spectra by a
phenomenological model that takes into account the different terms that contribute to the
magnetic anisotropy of the system.
2. Experimental
Single phase polycrystalline samples of MnCr2O4 were fabricated by solid state reaction of
MnO and Cr2O3 powders, as described elsewhere [4].This system has a normal cubic spinel
structure, belonging to the Fd-3m space group. The magnetic properties were investigated
on loosely packed powdered samples in the 5–90 K temperature range, with applied fields
up to 5 T, using a commercial superconducting quantum interference device (SQUID,
Quantum Design MPMS-5S) magnetometer. The temperature dependence of the
ferromagnetic resonance (FMR) spectra was recorded by a Bruker ESP300 spectrometer
operating in the conventional absorption mode at 2~24 GHz (K-band), for temperatures
ranging from 4 K to 300 K. Magnetic-field scans were performed in the range 0 – 15000
Oe. Care was taken in order to avoid cavity detuning effects, as are usually present in
spectra of strongly magnetic compounds. For that purpose, the MnCr2O4 powder was
thoroughly milled and mixed with a non-absorbing KCl salt. No noticeable changes in the
quality factor (Q) of the cavity were registered in the whole set of experiments.
3. Results and discussion
3.1 Magnetic properties
Figure 1 presents the magnetization vs. temperature measurements, M(T), under zero-field-
cooling (ZFC) and field-cooling (FC) conditions, with an applied field of 50 Oe. Near 41
K, a sudden jump is observed, consistent with the ferrimagnetic transition (TC). As the
temperature is further lowered, other anomalies are manifested at TH~18 K and Tf~14 K,
corresponding, respectively, to the helicoidal order temperature and to the “lock-in”
transition at which the spiral becomes fully developed, as it was determined from neutron
diffraction experiments [13-15]. The inset in figure 1 exhibits the M(T) ZFC-FC curves
measured with an applied field of 8 kOe, where it can be observed that the TC value
increases and the transition becomes broader. Also, when the applied magnetic field is
enhanced, both low-temperature anomalies become less defined, as it was previously
reported by Mufti et al. [19, 20].
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Figure 1. Temperature dependence of the ZFC (solid symbols) and FC (open symbols)
magnetization measured in a field of 50 Oe. The arrows signal the ferrimagnetic transition
(TC),the helicoidal order temperature (TH)and the “lock-in” transition where the spiral
component is fully developed (Tf).  The inset shows the M(T) ZFC-FC curves measured
with an applied field of 8 kOe.
Figure 2 shows the magnetization as a function of the applied magnetic field acquired at
different temperatures. As the temperature descends below ~45 K the magnetization
presents an important increase that starts near 2.5 kOe. The spontaneous magnetization of
MnCr2O4 at 5 K was estimated to be ~1.1 B per unit formula in agreement with the value
previously reported [19,20,22]. Noticeable, a linear increase of the high field magnetization
is clearly observed for temperatures below 30 K. This lineal contribution signals a non-
collinear spins arrangement of the MnCr2O4ferrimagnet.As is stated in references [23, 24]
in non-collinear configuration the applied magnetic field exerts a torque that could change
the angles between the canted magnetic moments; as a result the magnetization increases
linearly with the magnetic field. By neutron diffraction studies non-collinear order was
found below T~18 K where short-range spiral arrangement is developed [13,14]. In order
to shed light onto this complex behavior we have performed ferromagnetic resonance
measurements.
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Figure 2.Magnetization versus applied field at different temperatures near and below TC.
3.2 Ferromagnetic resonance
The FMR spectroscopy is a very sensitive technique to detect magnetic transitions as well
as changes in the magnetic anisotropy of local-moment systems [25, 26], which are usually
difficult to measure by other techniques, particularly in polycrystalline samples. Figure 3
(a) and (b) exhibit representative FMR spectra measured at different temperatures in the
T<TH and TH<T≤TC ranges, respectively. For polycrystalline samples the resonance
spectrum includes the contribution of the absorption lines of the crystallites oriented in all
the possible space directions relative to the magnetic field. The main features observed in
the temperature evolution of the spectra can be summarized as follows:
i) For temperatures above TC (i.e. in the paramagnetic phase) only one symmetric
absorption line is observed, centered at an approximate constant value of Hr= 8619 Oe,
corresponding to a spectroscopic splitting g-factor g=(ħ)/(BHr)=1.991 (6), where ħ is the
Planck's constant divided by 2and B is the Bohr's magneton.
ii) As the temperature decreases below TC the absorption line grows up, becomes
asymmetric and the peak to peak linewidth, H, enhances. Furthermore, Hr shifts to lower
magnetic fields.
iii) Below T ~18 K more significant changes are detected: a secondary peak emerges and
shifts to lower fields when the temperature diminishes.
These features could be explained by the presence of internal fields when the system goes
through the magnetic transitions. In order to account for the temperature evolution of the
spectrum, we introduce in the next section a phenomenological model that takes into
account different terms that contribute to the free energy.
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Figure 3.FMR absorption derivative spectra of the MnCr2O4 powder sample (open circles)
measured at different temperatures: (a) T<TH and (b) TH<T≤TC. The straight lines
correspond to the fittings with the phenomenological model.
3.3 Evolution of the effective magnetic anisotropy: phenomenological model
The ferromagnetic resonance condition is obtained from the magnetic free energy of the
system following the Smit and Beljers formalism [27,28]. Equation (1) describes the
different terms that contribute to the magnetic free energy E of the MnCr2O4 system:
KuKcubZ EEEE  (1)
The first term of Eq. (1) corresponds to the Zeeman energy, described in Eq. (2), where
 HHHHHHH  cos,sinsin,sincos0 is the applied magnetic field vector, and
  cos,sinsin,sincos0MM  is the magnetization vector in the laboratory coordinate
system presented in Figure 4. The second term in Eq. (1) accounts for the second order
cubic magnetocrystalline anisotropy, Eq. (3), characterized by the K1 and K2 anisotropy
constants, where 1=sincos, 2= sinsin and 3= cos. Finally, in order to consider the
formation of the helicoidal phase, we have included a third term accounting for a uniaxial
anisotropy characterized by the Ku parameter, described by Eq. (4). This last term
determines an easy axis in the ]011[

direction, which is the propagation direction reported
for the helicoidal order [14].
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Figure 4.Schematic representation of the magnetization ( M ) and magnetic field ( H )
vectors and the angles involved in the description of the free energy.
Notice that the formalism applied to calculate the resonance mode of the ferrimagnetic
MnCr2O4 spinel is essentially the same as the ferromagnetic resonance, in the sense that it
is considered the precession of the spontaneous magnetization as a whole around their
equilibrium orientation. Additional resonance modes, which depend explicitly on the
magnetic sublattice structure, are not considered because they are located at frequencies
much higher than the microwave.  These modes involve the exchange interaction between
the different magnetic sublattices which are usually above the infrared part of the spectrum.
In fact, from the Mn-Mn, Cr-Mn and Cr-Cr exchange constants reported for the MnCr2O4
spinel the exchange resonance modes are above ~ 5 x1011 s-1, which is far from the
microwave frequency range, and as a consequence these exchange modes could not be
excited [23, 29].Therefore, as it is usually implemented, we only include in the magnetic
free energy the Zeeman interaction and the magnetic anisotropy terms. In the case of the
cubic magnetocrystalline anisotropy, the easy direction of the magnetization depends on the
signs and relative magnitude of K1 and K2. In the present case, we set K1<0 and
9|K1|/4<K2<9|K1| [30]. With this choice it results that the easy, medium and hard
magnetization axis are parallel to the <110>, <111> and <100> directions of the crystal,
respectively, for all temperatures. It is noteworthy that, if another relation between K1 and
K2 is chosen (resulting in different medium and hard magnetization directions), this leads to
qualitatively different spectra features, where secondary absorption peaks are localized in
the g<2 higher field region. We also want to remark that the aforementioned choice of
parameters is consistent with the magnetization easy axis direction reported from neutron
diffraction and magnetization studies performed on single crystal samples [13,14,31] and
differs from the results reported by [32] where different orientation of the easy
magnetization direction was found.
Regarding Ku, this parameter takes into account the propagation direction of the helicoidal
order [14,15], that breaks the cubic symmetry imposed by the crystalline structure. This
kind of magnetic ordering is observed when several comparable exchange interactions are
present and the description in terms of sublattices is interdicted. This is the case, for
example, when the step of the spiral is not commensurate with the lattice parameter [33].
From the magnetic free energy, equations (1) to (4), the angular derivatives
)and,( 22222   EEE , evaluated at the equilibrium angles for the
magnetization for each orientation of the magnetic field, were calculated. The FMR
resonance condition was obtained evaluating the Smit-Beljers equation [27,28]:
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Here  is the angular frequency GHz,  is the gyromagnetic ratio and M0 is the
saturation magnetization value measured at kOe (Figure 2). As we measured a
polycrystalline sample we assume that the absorption line corresponds to the sum of
Lorentzian lineshape resonances with a homogeneous angular distribution of the
anisotropies axes related to the magnetic field. For simplicity no angular variation of the
resonance linewidth was considered. Furthermore, for temperatures near and below TC the
lines present an additional asymmetry that could be attributed to a dispersive component
[34,35] as we are going to discuss later. Consequently, in this range we have also included
in the simulated spectra a dispersive term, determining a lineshape of the form: (1-)
Absorption +  Dispersion, where 0<<1 [35-36]. We solved the Smit-Beljers equation
(Eq. 5) in a self-consistent way, with gK1, K2 and Ku as adjusted parameters, and we have
obtained a numerical simulation for the FMR resonance absorption at each temperature.
The gyromagnetic factor obtained from the fittings in all the T ≤ TC range is g~2.05(2). The
calculated spectra are presented in straight lines in figure 3, where good agreement between
the spectral lines and the model is observed in all the studied temperature range. Notice that
the calculated spectra reproduce well the general features of the lineshape, as the resonant
field, the field positions of the satellite peaks and the linewidth, even for T<TH where the
experimental peaks are broader than the fitting. The difference between the experimental
and the calculated spectra could be attributed to the simplifications of our model, as we
considered no angular variation of H on the resonance lines that form the powder
spectrum and also no distribution of anisotropy values were considered that could account
for some degree of crystalline disorder. Nevertheless, this simple model allows us to extract
quantitative information of the evolution of the system with temperature.
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Figure 5. Temperature evolution of the anisotropy constants calculated from the
phenomenological model. The lines are guides for the eye and the vertical dotted lines
signal the ferrimagnetic order temperature TC and the helicoidal temperature TH.
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Figure 6. Temperature evolution of the parameter  that corresponds to the proportion of
dispersive component included in the spectra simulations.
In figure 5 we have presented the temperature evolution of the magnetic anisotropy
constants obtained from the simulation of FMR spectra. Below TC, the magnitude of the
cubic magnetocrystalline anisotropy constants, K1 and K2, starts to increase smoothly and
shows a more important enhancement below TH. These cubic anisotropy values are in the
same order of magnitude than the values reported for similar oxide and chalcogenide spinel
systems as MnFe2O4 (K1~ -3.3x104 erg/cm3 [38, 39]) and MnCr2S4 (K1~ 4.2x104 erg/cm3
and K2 ~ 1x105 erg/cm3 [40]). On the other hand, Ku remains equal to zero down to ~30K,
where it starts to enhance smoothly. Finally, a jump in the Ku value is observed below TH,
followed by a lineal increase up to the lowest measured temperature. The value of
Ku~8x104 erg/cm3obtained at 4.2 K agrees with that reported in Ref. [41] of ~2x104
erg/cm3.The abrupt jump of Ku is reflected in the low field satellite peak that clearly
appears in the FMR spectra below TH[see figure 3(a)] which is related to the formation of
the short-range helicoidal order. However, Ku is non-zero above TH, till T~30 K. This result
could indicate that the short-range helicoidal order still coexists with the ferrimagnetic
order above the helical transition temperature. Although no evidence of this fact was
detected within statistical uncertainties from neutron diffraction experiments for this
system, Tomiyasu and co-workers [14] observed that for the CoCr2O4 spinel, the spiral
component retains the correlation well above TH.
Furthermore, this result is consistent with the magnetization measurements where the high
field lineal contribution is observed from low temperature up to T ~ 30 K. This complex
stage is a consequence of exchange and superexchange competing interactions in this
geometrically frustrated magnetic material. Although the relevant interaction is the direct
Cr-Cr exchange interaction, in the MnCr2O4 the superexchange interactions between Cr-Mn
and Mn-Mn present comparable magnitude [4]. Therefore the long-range helicoidal order
cannot be stabilized, as is calculated for AB2O4spinel when the A-A interaction is neglected
[42,43]. These results suggest that, at low temperature, the long-range ferrimagnetism
coexists with the spiral order where the transverse component of the Mn and Cr conical
arrange is ordered. However, when the temperature increases the conical arrange preserves
the longitudinal order up to TC, while the transverse component is largely disordered above
~18 K.
Figure 6 exhibits the parameter  that determines the proportion of dispersive component
included in the fittings, as a function of temperature. Notice that this component is larger in
the TH<T<TC temperature range where the magnetization increases. It is well known that in
a medium which has conductivity () the wave is attenuated as it progresses through the
sample [35-37]. Therefore, when the penetration depth of the microwave () is less than the
thickness of the sample (d) the medium will not be homogeneous and the resonance line
will be asymmetric. This effect is more important for materials with high magnetic
permeability (). For conductive materials this resonance correspond to a Dysonian line,
which in the limit 0≤ d/≤ 2 results a linear combination of absorption and dispersion
Lorentzian lines [36]. In the case of insulator materials, as the MnCr2O4 [5, 15], the
microwave penetration depth results:




2 , where  corresponds to the dielectric
constant [35]. Therefore, the microwave penetration depth decreases with the magnetic
permeability, as a consequence the dispersive component in the magnetic resonance
increases (see figure 1). This result is in agreement with the measured temperature
dependence of the magnetization which is larger in the TH<T<TC temperature range.
However, the wave propagation in the medium depends on the interplay between the
characteristic ,  and parameters. Recently it has been reported that multiferroic spinels
present in the magnetic ordered phase important changes in the dielectric properties,
besides the increases of the magnetization [44, 45]. Consequently, in order to study this
topic in depth, careful measurements of the temperature evolution of these parameters in
MnCr2O4should be performed.
4. Conclusions
In summary, we have investigated the low temperature magnetic phases present in a
polycrystalline sample of the MnCr2O4 spinel and quantified the temperature evolution of
the magnetic anisotropy constants in a wide temperature range. In the magnetization versus
temperature measurements we have observed anomalies consistent with the ferrimagnetic
order at TC~41K and the formation of the helicoidal spin arrangement at TH~18 K. The
electron spin resonance spectra exhibit important changes as a function of the temperature.
This behavior could be explained through a phenomenological model considering the
different terms that contribute to the magnetic free energy of the system. Below TC the
FMR spectra can be fitted by a cubic magnetocrystalline anisotropy term with constants K1
and K2 that increase when the temperature diminishes. Near TH, an additional magnetic
anisotropy term should be included to account for the noticeable changes observed in the
FMR spectra. This anisotropy, accounted by a Ku parameter of the uniaxial anisotropy term,
is associated to the breaking of the cubic anisotropy due to the formation of the helicoidal
order that propagates in the ]011[

direction. We remark that the structure observed in the
FMR spectra can be explained taking into account the change of the magnetic symmetry of
a single magnetic phase as a function of the temperature.The fact that Ku is non-zero above
TH could indicate that the short-range helicoidal order still coexists with the ferrimagnetic
order above the helical transition. The fact that Ku is non-zero above TH and also the lineal
increase of the high field magnetization up to 30 K, could indicate that the conical
arrangement of the spins coexists with the ferrimagnetic order above TH. When the
temperature diminishes the transverse component of the Mn and Cr conical arrange orders
and the spiral order stabilizes. Finally, we want to emphasize the sensitivity of the electron
spin resonance spectroscopy to detect magnetic transitions and anisotropic interactions
which enable us to obtain fundamental information that complements the magnetic
measurements, and it allows us to calculate the characteristic parameters even in
polycrystalline samples.
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